Introduction {#sec1}
============

Traumatic axonal injury (TAI) is one of the most common consequences of traumatic brain injury (TBI), accounting for 50% of TBI patients without overt mass lesions and 35% of all the deaths \[[@B1]\]. This type of TBI is frequently found in traffic accident, explosion, and fall cases. The major mechanism of TAI is shear and stretch injury to axons during acceleration/deceleration of the head. Some white matter bundles are more vulnerable due to their orientation and location, particularly including the corpus callosum (CC), internal capsule, optic tracts, cerebral and cerebellar peduncles, and long tracts in the brainstem \[[@B2]\]. Since conventional neuroimaging techniques such as CT and X-ray show no significant focal lesions \[[@B3]\], a definitive diagnosis of TAI is primarily dependent upon histopathology in post-mortem brain tissues. Currently, immunohistochemical detection of β-amyloid precursor protein (β-APP) has become the gold standard in evaluating TAI in both routine neuropathological and forensic settings as well as animal investigations \[[@B4]--[@B7]\]. In axons suffering from very rapid mechanical loadings, β-APP accumulates in the damaged sites of axons due to an impairment in axoplasmic transport.

Secondary axonal injury is predominant in TAI, which histologically evolves from early axonal swelling/varicosities, secondary disconnection, to final Wallerian degeneration \[[@B8]\]. From the forensic perspective, the temporal changes in TAI seemingly can been seen as a vital reaction \[[@B9]\], and are of specific significance for estimating survival periods following head trauma, which may help to determine the time of the incident. Although it is useful to evaluate the temporal profile of TAI based on semi-quantitation of β-APP-stained axons \[[@B10],[@B11]\], this method is limited in providing an objective and high-reproducibility prediction in independent subjects. Therefore, estimating injury interval of TAI remains a challenge in forensic practice due to the lack of efficient methods.

Fourier transform IR (FTIR) spectroscopy is a non-destructive and time-saving technique for chemical analyses based on vibrational motions of various functional groups in samples. Emerging evidence shows its great potential as a new promising diagnostic method to detect chemical changes from multiple macromolecules including proteins, lipids, carbohydrates, and nucleic acids, in biological tissues \[[@B12],[@B13]\]. Combination with IR microscopy allows for spectral collection in complex and heterogeneous tissues with minimal sample preparation, and the acquired spectral fingerprints can yield subsequent classification of spectra into different categories using objective computational algorithms \[[@B14],[@B15]\]. According to its numerous advantages, this spectroscopic technique has been widely used in various murine brain models, including ischemic brain injury \[[@B16]\], Alzheimer's disease \[[@B17]\], brain tumors \[[@B18]\], and multiple sclerosis \[[@B19]\], but only a few attempts have been made to study TAI \[[@B20]--[@B22]\].

Since TAI pathology varies with injury time, we hypothesized that these alterations could be identified in FTIR spectra and allow diagnostic segregation of TAI at different post-injury time points. While previous studies indicated the possibility of such a spectroscopic approach to identify TAI in the brainstem and CC of rats based on relative areas and intensities of the given absorption peaks \[[@B20]--[@B22]\], it remains difficult to distinguish TAI at different intervals depending on these limited parameters. Accordingly, the present study utilized multivariable analysis of more spectral variables, which may be more sensitive to minor spectral variations amongst different TAI time points.

Despite its importance, objective determination of injury intervals of TAI has received relatively little attention in the forensic field. To the best of our knowledge, this is the first study demonstrating the potential of FTIR spectroscopy combined with chemometrics in estimating TAI intervals post-injury. In the current study, spectral information was acquired in the CC of rats subjected to TAI, at 12, 24, and 72 h post-injury. The resulting spectral data were classified by hierarchical cluster analysis (HCA) and partial least square (PLS). Subsequently, differentiation of TAI intervals in independent samples was performed by the established PLS models.

Materials and methods {#sec2}
=====================

TAI animal model {#sec2-1}
----------------

The ethics committee of Xi'an Jiaotong University specifically approved the present study. Male Sprague--Dawley rats weighing 280--320 g were socially housed under a 12-h light/dark cycle with food and water *ad libitum*. The animals were divided into four different groups, including control, 12, 24, and 72 h injury groups (15 rats per group). For each group, ten animals were used for HCA and PLS calibration, and the classification of the remaining five animals was performed using the developed PLS models.

TBI was produced by a weight drop device, referred to as the Marmarou model as described previously \[[@B23],[@B24]\]. Briefly, the skull was exposed between the coronal and lambdoid sutures after anesthesia with 4% isoflurane. The bone between these sutures was cleaned, dried, and a brass disc (diameter: 10 mm, thickness: 3 mm) was glued to the midline skull between bregma and lambda. Then, the animal was placed on a foam bed, with a metallic mass of 450 g freely dropped on to the center of the brass disc from a height of 2 m through a Plexiglas tube. The rat was quickly removed from the bed and ventilated with 100% O~2~ until spontaneous breathing was regained. Throughout the procedure, tail flick and foot withdrawal reflexes were monitored to ensure that an appropriate level of anesthesia was maintained, and the animal suffered minimal pain and discomfort. The incision was stitched, and rats with spontaneous respiration were immediately placed in an oxygenated and humidified chamber heated to maintain the normal body temperature. The animals were returned to the original environment after regaining complete consciousness. Control animals were anesthetized, surgically prepared, and placed under the impact device, but were not subjected to injury.

Neurological evaluation {#sec2-2}
-----------------------

The severity of TBI was evaluated at different post-injury time points using the neurological severity score (NSS) after the animals regained consciousness. The NSS was used to assess both motor function and behavior. Based on previous studies \[[@B25]--[@B27]\], the test was modified appropriately in the present study, which consisted of ten individual clinical parameters ([Table 1](#T1){ref-type="table"}). The parameters were scored on a scale from 0 (no deficit) to 10 (maximal deficit). For NSS data, Prism 5.0 (GraphPad Software Inc., La Jolla, CA) was used to perform one-way ANOVA. When ANOVA yielded statistical significance, it was followed by a Dunnett's post hoc analysis to assess the differences amongst the control and injury groups at different time points. *P*\<0.05 was considered statistically significant. Data are mean ± S.D..

###### NSS presented in the study

  Task                      Description                                                              Points (success/failure)
  ------------------------- ------------------------------------------------------------------------ --------------------------
  Exit circle               Ability and initiative to exit a circle of 50 cm diameter within 3 min   0/1
  Monoparesis/hemiparesis   Paresis of upper and/or lower limb of the contralateral side             1/0
  Straight walk alertness   Initiative and motor ability to walk straight                            0/1
  Startle reflex            Innate reflex; the mouse will bounce in response to a loud hand clap     0/1
  Seeking behavior          Physiological behavior as a sign of 'interest' in the environment        0/1
  Beam balancing            Ability to balance on a beam of 1.5-cm width for at least 20 s           0/1
  Round stick balancing     Ability to balance on a round stick of 1-cm diameter for at least 20 s   0/1
  Beam walk: 8.5 cm         Ability to cross a 30-cm long beam of 6-cm width                         0/1
  Beam walk: 5 cm           Same task, increased difficulty on a 4-cm wide beam                      0/1
  Beam walk: 2.5 cm         Same task, increased difficulty on a 2-cm wide beam                      0/1
  Maximum score                                                                                      10

Immunohistochemistry {#sec2-3}
--------------------

Brain tissues were fixed in 4% paraformaldehyde for 24 h. The cerebral block was trimmed to include the CC under the impact center, immersed in 25% sucrose, and embedded in an optimal cutting tool. Serial 10-μm thick coronal sections were obtained with a cryotome and mounted on glass slides. The acquired brain sections were incubated in 3% hydrogen peroxide to quench endogenous peroxidase for 15 min. After washing with 0.01 M PBS, the sections were incubated with 5% BSA for 60 min to reduce non-specific reactions, and treated with rabbit β-APP monoclonal antibody at 1:4000 dilution (Abcam, ab32136, Cambridge, U.K.) at 4°C overnight. Biotinylated goat anti-rabbit secondary antibody and streptavidin--biotin complex reagent (Boster, Wuhan, China) were applied subsequently at 37°C for 45 min, respectively. Positive reactions were visualized with diaminobenzidine. The sections were dehydrated in graded alcohol, cleared in xylene, and mounted.

FTIR data collection and pre-processing {#sec2-4}
---------------------------------------

Brain sections from the same animal were mounted on IR transparent slides (barium fluoride, BaF~2~). To eliminate the interference of moisture, brain sections were dried for 30 min before FTIR data collection. Spectral measurements were performed on an FTIR spectrometer (Thermo Scientific Nicolet TM 5700-II, MIT, U.S.A.) coupled to IR microscopy (Nicolet Continue μmXL, MIT, U.S.A.) with a liquid nitrogen cooled mercury cadmium telluride (MCT) detector. Each spectrum was obtained at a resolution of 16 cm^−1^ and eight scans with a frequency of 3300--900 cm^−1^. The collective aperture of the IR microscopy was set to 60 × 60 μm. The regions of interest for spectral collection were determined by comparison with immunohistochemical results in corresponding sections.

FTIR spectral collection was conducted on an OMNIC Picta 8.0 (Thermo Fisher, U.S.A.), with data pre-processing performed with MATLAB 2014a (MathWorks, U.S.A.) equipped with PLS Toolbox 8.1.1 (Eigenvector Research, Inc., USA). Raw spectra were pre-processed by smoothing, baseline correction, and normalization by multiplicative signal correction (EMSC). To evaluate within-group variations, mean spectrum with S.D. was derived for a given group. Supplementary Figure S1 shows mean spectra with corresponding S.D. in all the groups; minor within-group differences in each group were found, mainly occurring in the fingerprint regions (1400--900 cm^−1^).

Multivariable statistical analysis {#sec2-5}
----------------------------------

In the present study, multivariable statistical analysis included HCA and PLS, both of which were conducted with MATLAB 2014a (MathWorks, U.S.A.) equipped with PLS Toolbox 8.1.1 (Eigenvector Research, Inc., U.S.A.). The predictor variable X was composed of the spectral intensity matrix at 1800--900 cm^−1^, while the response variable Y corresponded to dummy variables such as 1, 2, and 3, which represented different groups.

HCA used the agglomerative method to identify clusters in the calibration dataset. In this process, samples with spectral variables in close proximity were linked together, until all clusters were joined into one large group. HCA was performed using Euclidean Distance as the proximity measure and Complete Linkage as amalgamation strategy. HCA results were visualized graphically by a 2D tree diagram known as dendrogram.

PLS algorithm can extract principle components (referred to as latent factors) simultaneously from the predictor variable X and response variable Y for model construction. The spectral dataset in the calibration group was used to calibrate the PLS model through leave-one-out cross-validation (LOOCV). Data were interpreted by the score plot and variable importance in the projection (VIP). In the PLS score plot, all spectra were projected on a 2D graph in the form of score points, thus allowing visualization of the classification amongst groups. VIP values were the weighed sums of squares of PLS weights \[[@B28]\], and can be used to evaluate the contribution of spectral variables into the classification. The variables with VIP values above 1.0 were considered significant. Then, the spectral dataset in the validation group was classified by the established PLS models in order to assess the predictive performance.

Results and discussion {#sec3}
======================

Since, the CC is one of the predilection sites for TAI in human and animal brains, investigation is mainly focussed on this region for FTIR analysis. In the present study, the Marmarou model was used to mimic TAI in humans, as it is well established that this model can produce widespread damage in neurones, axons, and microvasculature, especially in the CC \[[@B23],[@B24]\]. Before FTIR analysis, the clinical status of the injured rats was evaluated by the modified NSS test. [Figure 1](#F1){ref-type="fig"} presents NSS data in control and injury groups at different post-injury intervals. In contrast with control group (CG), average NSS values in injury groups were significantly increased but with a progressive decrease across all time points. This suggests that the loading impact leads to severe TBI, which is gradually alleviated over time; this may be associated with axonal recovery post-injury. β-APP immunochemistry was used to confirm the presence of axonal injury in the CC. As shown in [Figure 2](#F2){ref-type="fig"}, no positive staining was detected in the CG, while β-APP stained axons appearing as dot-like or swelling profiles were found at all the time points, with the 24-h group showing more evident changes. The temporal histological findings are consistent with previously published studies although the animal model and anatomic sites are different \[[@B1],[@B29]\].

![The changes in NSS at 12, 24, 72 h post-injury and in the CG\
Significant increases occur in the average NSS following TBI in contrast with CG, but a progressive decrease from 12 to 72 h post-injury (\**P*\<0.05).](bsr-37-bsr20170720-g1){#F1}

![Axonal injury in the CC detected by β-APP staining following impact acceleration of TBI.\
(**A**) No β-APP staining is found in the CG. Few immunoreactive profiles are observed at 12 h post-injury, (**B**) while there are numerous β-APP-stained axons found at 24 (**C**) and 72 h post-injury (**D**), but is more evident at 24 h (scale bar =50 μm).](bsr-37-bsr20170720-g2){#F2}

Matching with β-APP immunochemistry, the positive-stained axons were mainly concentrated in the midline of coronal sections of the CC under the loading impact, especially at 24 h ([Figure 2](#F2){ref-type="fig"}C) and 72 h ([Figure 2](#F2){ref-type="fig"}D) post-injury while there were negative axons in the normal group ([Figure 2](#F2){ref-type="fig"}A); thus, this area was determined as the region of interest in the present study. Nevertheless, only a few injured axons were identified within this area at 12 h post-injury as shown in [Figure 2](#F2){ref-type="fig"}B. It was proposed that other seemingly normal axons may also suffer secondary pathophysiological changes and contribute to axonal dysfunction \[[@B30]--[@B32]\]. Accordingly, spectral information at 12 h post-injury was still collected in the same region of interest used for the 24- and 72-h groups, even though most negative-stained axons were included.

All normalized spectra of TAI rats acquired at different post-injury time points are displayed in [Figure 3](#F3){ref-type="fig"}, where several absorption peaks could be identified, corresponding to different chemical functional groups. Within the frequency range of 2800--3100 cm^−1^, the main contributors are lipids due to C--H vibrations from CH~2~ (asymmetric and symmetric vibrations at 2922 and 2852 cm^−1^, respectively), CH~3~ (asymmetric vibration at 2958 cm^−1^), and C=C--CH~2~ (3012 cm^−1^) \[[@B33]\]. The band at 1738 cm^−1^ is due to C=O vibrations from lipid esters \[[@B34],[@B35]\]. Amide I (1652 cm^−1^) and II (1542 cm^−1^) bands mainly originate from C=O and N--H vibrations in proteins \[[@B36]--[@B38]\]. The band centered at 1380 cm^−1^ is related to the symmetric bending mode of CH~3~ in proteins. P--O asymmetric stretching in phospholipids contributes to the band at 1235 cm^−1^ \[[@B39]\]. In the range of 1100--900 cm^−1^, carbohydrates are the main contributors \[[@B40]\].

![Superimposition of all normalized spectra collected in the CC of rats at different post-injury groups.\
The absorption bands representing various chemical functional groups are marked.](bsr-37-bsr20170720-g3){#F3}

At first glance, spectra from different groups were very similar but major differences were clearly found between the 24 h and other groups. In terms of lipids, the 24-h group had higher intensities at 2922 and 2852 cm^−1^, but a lower one at 2958 cm^−1^. There were also significant changes in unsaturated lipids at this time point as revealed by lower intensities at 3012 and 1738 cm^−1^. Consistent with the histological examination, the observed spectral pattern implies that axonal injury in the CC is more serious at 24 h following closed head injury, accompanied by significant biochemical changes associated with lipids and proteins. Although these findings demonstrate that multiple chemical components in the CC of rats can be discriminated by FTIR spectroscopy, it remains difficult to distinguish different TAI time points depending on quantitation of the given absorption peaks. Therefore, multivariable statistical analysis, including HCA and PLS, is required to identify subtle spectral variations and to visualize the classification amongst the groups in the present study.

HCA was first performed on all spectral variables in the calibration group within the ranges of 3100--2800 cm^−1^ and 1800--900 cm^−1^. The HCA dendrogram ([Figure 4](#F4){ref-type="fig"}) shows that samples from the same category were successfully grouped and closely linked to each other, and four main clusters were obtained based on different sample groups. These results demonstrate that classification amongst TAI intervals could be achieved based on the FTIR spectral signature collected in the CC. Accordingly, this helped us to establish a mathematical algorithm according to the FTIR dataset for predicting TAI survival intervals. In the present study, the PLS model was established based on the calibration dataset and used to predict validation samples. Numerous studies have confirmed the efficiency of this supervised model in classifying or predicting different categories of biological tissues \[[@B41],[@B42],[@B14]\]. In [Figure 5](#F5){ref-type="fig"}A, the PLS score plot illustrates a straightforward separation amongst the four groups, where the control, 12, and 24h groups were distributed along LV1 accounting for 53.72% of total variance, while 24 h and the remaining groups were segregated along LV2 (18.90% of total variation). In agreement with HCA, this finding indicates that most spectral variations are responsible for the segregation amongst the groups. To assess whether these variables contributing to the distinction primarily originate from chemical components in the CC rather than reflecting an artifact effect, VIP values for all variables were calculated as a function of wave number. As shown in [Figure 5](#F5){ref-type="fig"}B, the most influential absorption peaks mainly arose from lipids (3100--2800 cm^−1^), proteins (1700--1500 cm^−1^), and carbohydrates (1100--900 cm^−1^). Notably, VIP calculation allows the resolution of overlapping bands included in the Amide I band, where some absorption peaks associated with protein conformation are considered important contributors for the spectral differences amongst various groups, including β-turn (1682 cm^−1^), β-turn (1667 cm^−1^), α-helix (1652 cm^−1^), and β-sheet (1626 cm^−1^) \[[@B39],[@B43]\].

![The classification result of HCA dendrogram amongst CG, 12, 24, and 72 h post-injury groups.](bsr-37-bsr20170720-g4){#F4}

![The classification result of PLS algorithm amongst CG, 12, 24, and 72 h post-injury groups.\
(**A**) PLS scores plot, (**B**) the plot of VIP scores as a function of wave number.](bsr-37-bsr20170720-g5){#F5}

Growing evidence shows that multiple pathways and pathophysiological processes are involved in axonal degeneration of TAI and differ with time post-injury, resulting in a spectrum of content and structural alterations in the white matter. Our FTIR investigation showed that biochemical changes in the CC involving proteins, lipids, and carbohydrates contributed to axonal pathology with the development of injury interval. In terms of lipids, notable differences in CH~3~, CH~2~, C=C--C, and C=O contents are the major discriminators for the classification of TAI groups at different time points. These spectral features provide information on the length and unsaturation of acyl chains. This variation may be interpreted by lipid peroxidation following TBI, which is associated with both mitochondrial dysfunction and cytoskeletal degradation *in vivo* \[[@B44]--[@B48]\]. Since lipid peroxidation primarily occurs at double-bond sites of polyunsaturated acyl chains, there is an increase in CH~3~ content with notable reduction in CH~2~ and double bonds (C=C--C and C=O); however, loss of unsaturation is compensated by the accumulation of double bonds in lipid peroxidation end products \[[@B49]\]. In addition, our study demonstrated that significant alterations of protein conformation are responsible for such distinction, including α-helix, β-sheet, and β-turn structures. Recent findings in our laboratory proposed that α-helix structures are predominant in the normal white matter while β-structures are prominent following TAI; this may be due to the denaturation of axonal cytoskeleton and deposit of axoplasmic proteins rich in β-structures \[[@B7]\]. In the latter study, it was notable that these differences in protein conformation are only found at 24 h post-injury using curve fitting methods. Thus, the present study confirmed that use of multivariable analysis is more sensitive for subtle spectral variations amongst different groups.

Other wave numbers responsible for the separation were correlated with C--O vibrations from carbohydrates within the frequency range of 1100--900 cm^−1^. Since the brain is a high energy-consuming organ, it is vulnerable to glucose and oxygen deprivation. Hyper- and hypoglycolysis are important contributors to secondary axotomy following initial injury. As reported previously, an initial brief response of hyperglycolysis occurs from hours to 5 days post-injury, which may be caused by the disruption of the blood--brain barrier (BBB) and increased glucose uptake via a mechanism that bypasses endothelial membrane glucose transporters \[[@B50]\]. It is possible that the abnormalities in glucose metabolism are reflected by the observed spectral variances within the frequency range of 1100--900 cm^−1^. Meanwhile, the results regarding carbohydrates imply that such alterations are time-dependent in the CC of TAI, and would be used as potential parameters for the estimation of TAI intervals.

While a satisfactory classification was observed in PLS calibration, the major challenge of this model is the accurate identification of unknown samples. Therefore, the next step of the present study was to validate the performance of the developed PLS model using the spectral dataset in validation groups, which were not included for modeling. To achieve a more precise estimation, two PLS models were established, both of which were used to distinguish injury compared with CGs (model 1), and different TAI groups (model 2), respectively. [Figure 6A](#F6){ref-type="fig"} shows that model 1 achieved a complete separation between injury and CGs, in which sample score points are close to their dummy variables (1 for CG and 2 for injury group). Subsequently, the samples in the injury group were classified by model 2, and a good prediction was obtained as shown in [Figure 6](#F6){ref-type="fig"}B (2 for 12 h, 3 for 24 h, and 4 for 72 h).

![The prediction result in independent samples using the developed PLS models.\
The PLS model 1 is used to classify between CG and injured groups (**A**) while the model 2 is applied to distinguish amongst different TAI interval groups (**B**).](bsr-37-bsr20170720-g6){#F6}

As described above, secondary axonal injury predominates in TAI, which usually can be identified after a given survival interval following TBI. For example, secondary axotomy requires a period of \>12 h in humans, but only 2--4 h in rats and cats \[[@B9]\]. Therefore, the evolution of axonal injury could help to estimate the survival interval in a TBI corpse. It has been found that the number of injured axons increases since initial injury, and culminates at 24 h post-injury. Despite being widely used, the major challenge of histological methods is to estimate TAI intervals post-injury as they only achieve a semi-quantitation of axonal injury, which is too subjective with low reproducibility, thus limiting their application for TAI interval prediction. Recently, there has been substantial progress using novel neuroimaging techniques that enhance the appreciation of the overall magnitude and distribution of axonal injury in TAI. Some parameters such as fraction anisotropy (FA) and axial diffusion (AF) were found to be highly correlated with TAI biomarkers \[[@B11]\]. Nevertheless, their feasibility in TAI interval estimation remains largely speculative. In contrast, FTIR spectroscopy with IR microscopy is known for its simplicity and sensitivity in detecting molecular and chemical changes in biological tissues. With FTIR spectroscopy, we demonstrated that different TAI intervals could be successfully classified depending on global biochemical changes of the white matter rather than the number of injured axons. Since there is no interference between FTIR analysis and histological examination, the current study provides a potential alternative method to forensic pathologists for diagnosing TAI and estimating survival intervals.

Conclusion {#sec4}
==========

In the present study, we have demonstrated for the first time that FTIR spectroscopy is a valuable approach capable of detecting temporal biochemical changes in the CC of rats subjected to TAI. Considering limitations of spatial resolution, the global chemical information was obtained within the concentration of β-APP-positive axons rather than in single injured axons such as retraction balls or swelling axons. Nevertheless, different TAI intervals were successfully classified based on the acquired spectral fingerprints using multivariable analysis, including HCA and PLS algorithms. The chemical components related to proteins, lipids, and carbohydrates greatly contributed to this distinction. Moreover, a satisfactory prediction of TAI interval was achieved in independent samples using the developed PLS models. Our study paves the way for FTIR spectroscopy with multivariable analysis to estimate the survival period of TAI. Further work should be designed to elucidate chemical changes in other predilection sites of TAI (such as the pyramidal tract and internal capsule) from human and animal samples with more time points.
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The processed mean absorbance spectra from different groups with their own SDs (A: CG, B: 12h, C:24h, D: 72h). The green line is the mean spectrum for each group while the double blue lines represent its SD.
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